Despite a body of research carried out on thermally coupled processes in soils, understanding 18 of thermo-osmosis phenomena in clays and its effects on hydro-mechanical behaviour is 19 incomplete. This paper presents an investigation on the effects of thermo-osmosis on 20 hydraulic behaviour of saturated clays. A theoretical formulation for hydraulic behaviour is 21 developed incorporating an explicit description of thermo-osmosis effects on coupled hydro-22 mechanical behaviour. The extended formulation is implemented within a coupled numerical 23 model for thermal, hydraulic, chemical and mechanical behaviour of soils. The model is 24 tested and applied to simulate a soil heating experiment. It is shown that the inclusion of 25 thermo-osmosis in the coupled thermo-hydraulic simulation of the case study provides a 26 hydraulic response of the ground and the pore pressure evolution due to thermo-osmosis are 34 provided in this paper. 35 36 Keywords 37 Thermo-osmosis; saturated clay; hydraulic behaviour; coupled modelling; hydro-mechanical 38 39 40 41
better agreement with the experimental data compared with the case where only thermal 27 expansion of the soil constituents was considered. A series of numerical simulations are also 28 presented studying the pore water pressure development in saturated clay induced by a 29 heating source. It is shown that pore water pressure evolution can be considerably affected by 30 thermo-osmosis. Under the conditions of the problem considered, it was found that thermo-31 osmosis changed the pore water pressure regime in the vicinity of the heater in the case where 32 value of thermo-osmotic conductivity was larger than 10 -12 m 2 .K -1 .s -1 . New insights into the 33 Introduction 42 Temperature variations can induce various processes and changes in soil-water system and 43 affect the engineering behaviour of soil. In many engineering applications, considerable 44 changes in ground temperature can be expected. Examples are i) the geological disposal of 45 high level radioactive waste where elevated temperature is generated by the waste and ii) 46 ground source heat or energy foundations where thermal gradients in the soil are induced by 47 exchanging heat with the ground. Understanding the processes and parameters involved in 48 the behaviour of soils under non-isothermal conditions is therefore of importance for 49 performance analysis and sustainable design of various geo-structures. 50
It has been previously shown that heating of soils can cause pore water pressure development 51 and contraction/dilation in the soil depending on the stress history (Campanella and Mitchell 52 1968; Towhata et al. 1993 ; Sultan et al. 2002; Laloui and François 2009 ). Observations from 53 a field experiment of heat storage in clay have indicated that by applying a temperature 54 gradient, an excess pore water pressure has developed during the heating period which has 55 resulted in a considerable settlement after pore water pressure dissipation (Moritz and 56 Gabrielsson 2001) . The difference between the thermal expansion properties of water and 57 solid particles of soil has been described as being the most influential mechanism for pore 58 water pressure development in saturated soils (Mitchell 1993) . 59
Osmosis phenomena are among key processes controlling the water flow, chemical transport 60 and deformation behaviour of clays. Under non-isothermal conditions, thermo-osmosis is a 61 coupled mechanism that describes fluid flow in saturated clays under a temperature gradient. 62
From a thermodynamics point of view, thermo-osmosis is controlled by the enthalpy 63 difference between the free water/fluid in the clay pores and the pore water affected by the 64 field normal to the clay mineral surface modifies the structure and properties of the fluid at 66 the solid surface which causes an alteration of the specific enthalpy of the solution in the pore 67 space. Due to such alteration, a positive change in enthalpy can cause a liquid flow from the 68 warm to the cold side of a sample . Despite a significant body 69 of research studying the hydraulic behaviour of saturated and unsaturated clays, limited 70 studies have discussed the effects of thermo-osmosis on the overall thermo-hydro-mechanical 71 behaviour of saturated soils. 72
The soil property associated with thermo-osmosis is expressed by the thermo-osmotic 73 conductivity which has been reported to be in the range of 10 -14 -10 -10 m 2 .K -1 .s -1 (Dirksen 74 1969; Soler 2001; Zheng and Samper 2008; Ghassemi et al. 2009 ). Due to the wide range of 75 values reported in the literature, the impact of thermo-osmotic conductivity value on pore 76 water pressure evolution and fluid flow near a heat source is still unclear. While it can be 77 expected that the effect of thermo-osmosis on pore water pressure evolution becomes more 78 significant with an increase in the magnitude and duration of a heat emission due to the 79 established thermal gradient in the vicinity of the heat source, further understanding on the 80 importance of thermo-osmosis on such behaviour is required. 81
Experimental investigations have demonstrated the effects of thermo-osmosis on water flow 82 under temperature gradient in saturated clays (e.g. Dirksen 1969; Trémosa et al. 2010) . 83 Dirksen (1969) has reported the flow of water in compacted saturated clays induced by 84 applying a temperature gradient. Trémosa et al. (2010) have reported a series of in-situ 85 experiments where the importance of thermo-osmosis on water flow in clay-rock has been 86 examined. The results have suggested that thermo-osmosis can affect the water flow and 87 contribute to the excess pore pressure observations in impervious rocks. Gonçalvès et al. 88 temperature gradient occurs from the warm boundary to the cold boundary whilst in high-90 porosity soils with a weak thermo-osmotic property, the water flow can occur in the opposite 91 direction of the temperature gradient. 92
Recent studies have indicated that the electro-chemical interactions in the water-clay 93 interface correlate with thermo-osmotic properties Gonçalvès 94 et al. 2012 ). An expression for the thermo-osmotic conductivity considering the enthalpy 95 change due to hydrogen bonding to the clay surfaces has been suggested by Gonçalvès et al. 96 (2012) . Correlations have been provided between thermo-osmotic permeability and intrinsic 97 permeability for different clays which indicate that the ratio of thermo-osmotic conductivity 98 to the intrinsic permeability is strongly correlated with the electrochemical properties of the 99 soil (Gonçalvès et al. 2012) . For most of the soils, the ratio falls within a range of 10-10 3 100
Pa.K -1 , while for some shales it can be up to 10 8 Pa.K -1 (Gonçalvès et al. 2012) . The formulation presented below is based on the general formulation of coupled thermal, 146 hydraulic and mechanical behaviour (THM) for unsaturated soils presented by Thomas and 147 He (1997) . A simplified form of the coupled THM formulation for saturated clays is extended 148 here which considers the effects of thermo-osmosis in hydraulic behaviour. It is noted that the 149 focus of the paper is on the effects of thermo-osmosis on hydraulic behaviour; hence a 150 simplified mechanical formulation is adopted and included in the governing equations for 151 water flow. The system is fully saturated; therefore the vapour flow is not considered. 152
Hydraulic behaviour 153
The governing equation of water flow is considered based on the principle of mass 154 conservation and following the formulation provided by Thomas and He (1997) . This can be 155 expressed as (Thomas and He 1997): 156
is the density of liquid water, is the volumetric water content, ∇ is the gradient operator and is the incremental volume of the soil. v is the velocity of liquid that 158 is calculated based on Darcy's law for water flow in saturated soils. 159
Expanding equation (1) for fully saturated clay with respect to its partial derivatives and 160 using an incremental volume as a summation of the void volume and solid volume yields: 161
where is the increment volume of the solids and stands for the void ratio of soil. 162
Dividing equation (2) by
and (1 + ), yields: 163
For a deformable soil the term 
where is the thermal expansion coefficient of the soil structure, is the coefficient of soil 169 compressibility, is the temperature and ′ is the effective stress which is based on 170
Terzaghi's effective stress principle equal to σ ′ = − where is the total stress and is 171 the pore water pressure. Thermal expansion coefficient of the soil structure is a negative 172 value if an increase in temperature causes a decrease in volume (Mitchell 1993 ; Thomas et al. 173 1996) . 174 equal to the temporal variation of the solid density, given as: 176
where is density of the solid phase. 177
The density of liquid phase can be presented as a function of water pressure and temperature 178 ); therefore: 179
where is the compressibility coefficient of liquid water and ′ is the thermal expansion 180 coefficient of water. 181
The solid grains are assumed to be incompressible by stress. Therefore the density of the 182 solid phase is expressed only as a function of temperature: 183
where ′ is the thermal expansion coefficient of solid particles. 184
Replacing equations (4) to (7) into equation (3) and rearranging the similar terms, yields: 185
The mechanisms of water flow are considered to be due hydraulic, thermo-osmosis and 186 gravitational potentials . It is noted that the chemical osmosis 187 is not considered here. Using Darcy's law and considering the potentials for water flow 188 described above, the velocity of liquid can be presented as (Gonçalvès and Trémosa 2010): 189
where is the saturated hydraulic conductivity, stands for the thermo-osmotic 190 conductivity, is the elevation and is the gravitational constant. 191
The general form of water flow described in equation (8) can be extended considering the 192 water flow mechanisms presented in equation (9) as: 193
Equation (10) can be further simplified under the constant total stress as: 194
Thermal behaviour 195
The governing equation of heat transfer has been developed based on the energy conservation 196 law in unsaturated porous media (Thomas and He 1997) . Based on the formulation presented 197 in Thomas and He (1997) , the governing equation of heat transfer in saturated soil can be 198 presented as: 199
where is the heat storage capacity, represents the reference temperature, is the 200 thermal conductivity and stands for the sum of the heat convection components. 201
Details of the expanded formulation for the governing equations of heat transfer presented in 202 equation (12) can be found in Thomas and He (1997) . Table 1 . 243
By knowing the temperature gradient in the system, the gradient of water pressure can be 244 analytically calculated at steady state using equation (13). For the conditions and parameters 245 used in this problem, the gradient of pore water pressure can be given as: The domain is discretised to 300 unequally sized 4-nodded quadrilateral elements. A 288 maximum time-step of one week is considered for the simulations for a total period of 2,500 289 days. 290 Temperature is constantly increasing from an initial value of 285K for the first 2 days until it 339 reaches a fixed value at 310K and then remains constant throughout the rest of the 340 computation. At the external boundary, temperature and the pore water pressure are fixed to 341 be the same as the initial condition values of 285K and 100 kPa, respectively. 342
The domain is discretised to 300 equally sized 4-noded quadrilateral elements. A maximum 343 time-step of 2 hours (7200 seconds) is considered and the duration of the simulation is 30 344 days. 345
The soil parameters used in the simulations are summarised in Table 3 . The simulation is 346 carried out using three values of thermo-osmotic conductivity based on the range of ( ⁄ ) 347 provided by Gonçalvès et al. (2012) given as ⁄ = 10, ⁄ = 100 and ⁄ = 1000. 348
The variation of water viscosity with temperature is not considered following the approach 349 presented in Soler (2001) and Ghassemi and Diek (2002) and a constant value of 10 -3 Pa.s at 350 20 °C is selected. 351
It should be noted that the thermo-osmotic conductivity is calculated with respect to intrinsic 352 permeability with a value of 3.3×10 -17 m 2 . As described by Goncalves et al. (2012) , this ratio 353 is expressed in Pa.K -1 which means that the intrinsic permeability has to be divided by the 354 viscosity first in order to obtain the value of k T in m 2 .K -1 .s -1 . Therefore, water viscosity is 355 taken as a constant value at 20 o C. 356
The compressibility of the studied soils is calculated based on the specific surface area 357 yielding an approximate value of coefficient of soil volume compressibility. A reference 358 value of the specific surface area of 30 m 2 .g -1 is taken (Goncalves et al. 2012). Using 359 approach proposed in Mitchell (1993) where an empirical relation between liquid limit and 360 specific surface is given, a liquid limit is obtained through which an approximate value of 361 coefficient of consolidation is assumed. Hence, using the obtained value for coefficient of 362 consolidation and known value of hydraulic conductivity, an approximate value of coefficient 363 of soil volume compressibility of 3.3×10 -8 Pa -1 is calculated and used in the simulation which 364 falls within a range of compressibility values for medium-hard clays. 365
The results of simulations using different coefficients of thermo-osmotic conductivity are 366 presented and compared with the case where only thermal expansion is considered. Fig. 4  367 presents the variation of pore water pressure with time at the heat source and soil interface 368 boundary. It can be observed that for the lowest value of thermo-osmotic conductivity used, 369 i.e. 3.4×10 -13 m 2 .K -1 .s -1 , the difference between the pore water pressure development in 370 comparison with the case where only thermal expansion was considered is negligible, while 371 for the higher values of thermo-osmotic conductivity the difference is more highlighted. As it 372 can be observed after 5 days of heating, the pore water pressure value at the interface is 373 14.1% less when k T = 3.4×10 -11 m 2 .K -1 .s -1 is used, compared to the analysis without thermo-374 osmosis contribution. Further discussion on the spatial variation of pore pressure development in the domain is 384 presented for the simulation with high thermo-osmotic conductivity of 3.4×10 -11 m 2 .K -1 .s -1 . In 385 addition, the results are compared with the case where only thermal expansion is included in 386 the simulation. Profiles of the pore water pressure in the domain for the case of the thermo-387 osmotic conductivity of 3.4×10 -11 m 2 .K -1 .s -1 are shown in Fig. 6 . The results are presented for 388 three different heating periods, i.e. 2 days, 7 days and 30 days after the start of the simulation. 389
The difference in pore water pressure evolution between the cases without and with the effect 390 of thermo-osmosis is considerable as shown in Fig 6. It can be observed that after 2 days of 391 heating, thermo-osmosis affects the pore water pressure evolution next to the heat source 392 yielding a reduction in the pore water pressure value for 12% in comparison to the case with 393 thermal expansion only. Due to the temperature gradient established in the vicinity of a heat 394 source, the effect of thermo-osmosis becomes more pronounced with an increase in 395 simulation time yielding a reduction in pore water pressure of 15% and 17% after 7 and 30 396 days, respectively. In addition, it can be seen that the pore water pressure almost returns to 397 the initial value at the interface after 30 days of heating due to thermo-osmosis effect. As a 398 consequence of water flowing away from the heat source under the temperature gradient, the 399 water pressure is slowly increasing further away in the domain. 400
The effects of thermo-osmosis 401
The results demonstrate the relative importance of thermally driven flow on pore water 402 pressure in the case of high thermo-osmotic properties. Under the conditions of the 403 simulations presented, it can be concluded that values of thermo-osmotic conductivity larger 404 than 10 -12 m 2 .K -1 .s -1 can affect the water pressure field around the heat source. This 405 conclusion is in agreement with the observation reported in Soler (2001) who has performed 406 simple one-dimensional transport simulations including thermal and chemical osmosis, 407
hyper-filtration and thermal diffusion with the objective of estimating the effects of different 408 coupled transport phenomena where a temperature gradient of 0.25 K.m -1 has been used. 409
Author has concluded that thermo-osmosis will have a significant effect if the value of 410 thermo-osmotic conductivity is larger than 10 -12 m 2 .K -1 .s -1 . 411
As previously mentioned, values of the ratio of thermo-osmotic conductivity and intrinsic 412 permeability against the total ionic content used in this paper are adopted from the data 413 presented by Gonçalvès and Trémosa (2010) and Gonçalvès et al. (2012) . This approach 414 adopted provides relationships between the thermo-osmotic conductivity and clay surface-415 charge, bulk fluid concentration, type of counter ion in the pore water and pore size. In 416 addition, authors have verified it with the available data which ones again confirm the 417 electrochemical control of thermo-osmosis. Hence, for a constant value of intrinsic 418 permeability, coefficient of thermo-osmotic conductivity could be influenced and modified 419 by a combination of the aforementioned soil properties. 420
It is noted that the boundary conditions can have considerable influence on the pore water 421 pressure evolution. In the case study presented, the outer boundary was considered to be a 422 constant pore water pressure representing the far field condition. Under other scenarios where 423 the outer boundary is impermeable or several heat sources are located close to each other, the 424 thermo-osmosis could enhance the pore water pressure and induce local reduction in the 425 effective stress. This could be an important aspect as the reduction in the effective stress 426 could cause deformation and geomechanical instability. 427
Due to the fact that the temperature gradient is the driving potential for thermo-osmosis, the 428 observed phenomenon could be further highlighted in media with low thermal conductivity 429 where a large temperature gradient can develop next to the heat source. Using a value of 430 3.4×10 -10 m.s -1 for hydraulic conductivity in this study, it was observed that water flow both 431 under pressure gradients and temperature gradients contributes to the overall flow of water in 432 the system. However, in saturated porous media with hydraulic conductivity lower than the 433 abovementioned, liquid flow due to thermo-osmosis could become a dominant process 434 prevailing over a classical Darcian flow. This could be important in the context of a nuclear 435 waste disposal and radionuclide release where high temperature gradient is established in the 436 vicinity of waste packages and thermo-osmosis might contribute to the overall convective 437 transport of water and radionuclides. As this simulation for 30 days of heat emission shows 438 that thermo-osmosis affects the pore water pressure field around the heat source only when 439 relatively high value of thermo-osmotic conductivity is considered, this might not be the case where only thermal expansion of the soil constituents was considered. 455 A series of simulations were performed that examine the pore water pressure behaviour under 456 heating. Through the numerical simulations presented, it was shown that the thermally driven 457 liquid water flow due to thermo-osmosis can affect the pore water pressure evolution in the 458 vicinity of the heat source. Under the conditions of the simulation related to the clay 459 behaviour subjected to a constant heating source, it was found that the effect of thermo-460 osmosis is considerable at thermo-osmotic conductivity values larger than 10 -12 m 2 .K -1 .s -1 . 461 462 Acknowledgments
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Distance from axis of the symmetry (m)
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